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(57) ABSTRACT

An internal defect mspection method where an ultrasonic
wave 1s emitted from an ultrasonic wave transmitter toward a
sample, the ultrasonic wave retlected by the sample 1s
detected by an 1imaging type common-path interferometer as
an interference signal, an ultrasonic wave signal 1s obtained
from the interference signal, and any defect within the sample
1s detected from the ultrasonic wave signal. An internal defect
inspection apparatus including an ultrasonic wave transmit-
ter, an 1maging type common-path interferometer and an
ultrasonic wave signal detecting device 1s also provided.
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INTERNAL DEFECT INSPECTION METHOD
AND APPARATUS FOR THE SAME

TECHNICAL FIELD

The present invention relates to an internal defect ispec-
tion method and an apparatus for the same, and more particu-
larly to an internal defect mmspection method and an apparatus
for the same by which an airborne ultrasonic wave 1s used to
propagate an ultrasonic wave within a sample and an ultra-
sonic wave vibration reflected or transmitted by any internal
defect 1s detected with an optical interferometer.

Known methods for inspecting a sample for any internal
defectinclude one using a scanming laser acoustic microscope
(SLAM) by which, as disclosed in Non-patent Document 1
(ASNT Natl. Cont., Spring 1980, pp. 11-17 (1980)), an ultra-
sonic wave excited 1n a solid sample with water as a coupler
and reflected or transmitted by any defect within the sampleis
detected with an optical interferometer.

Further, Non-patent Document 2 (Proceedings of 1986
IEEE ULTRASONICS SYMPOSIUM, pp. 515-526 (1986))
discloses a method by which a solid sample 1s 1rradiated with
a pulse laser beam to excite an elastic wave 1n the sample, and
variations 1n amplitude and phase of the surface elastic wave
caused by any detect within the sample are detected with an
optical interferometer.

Further, Non-patent Document 3 (Applied Optics, 43, pp.
2643-2655 (2006)) discloses a method by which a solid
sample 1s 1rradiated with a linear intensity-modulated laser
beam and an internal defect image 1s formulated at high speed
by collectively detecting the amplitude and phase of any
minute thermal displacement on the sample surface with an
optical interferometer using a linear beam.

Further, Patent Document 1 (Japanese Unexamined Patent
Application Publication No. 2009-150692) discloses a
method by which an airborne ultrasonic wave 1s propagated
within a sample and an airborne ultrasonic wave from any
internal defect 1s detected.

Also, there 1s known a method by which an ultrasonic
probe 1s brought into tight contact with the surface of a sample
and excitation and detection of an ultrasonic wave 1s accom-

plished.

SUMMARY

However, the use of a SLAM according to Non-patent
Document 1 by which an ultrasonic wave excited 1n a solid
sample with water as a coupler 1nvolves the risk of contami-
nating the sample with water and therefore limited in the
range of applicability. It involves another problem that a
conventional optical interferometer 1s nsuilicient 1 mea-
surement sensitivity, ranging from the nm to sub-um order,
and accordingly no adequate sensitivity for detecting internal
defects 1s available.

Also, the method of irradiating a solid sample with a pulse
laser beam to excite an elastic wave 1n the sample according
to Non-patent Document 2 involves the similar problem that
the optical interferometer 1s insuilicient in measurement sen-
sitivity, ranging from the nm to sub-um order, and accord-
ingly the laser output should mevitably be increased, giving
rise to ablation or the like and damaging the sample.

Further, the collective imaging method according to Non-
patent Document 3 by which a solid sample 1s 1irradiated with
a linear intensity-modulated laser beam and the amplitude
and phase of minute thermal displacement on the sample
surface are collectively imaged by an optical interferometer
using a linear beam involves the similar problem that the
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2

optical interferometer 1s mnsuificient in measurement sensi-
tivity, ranging from the nm to sub-um order, and no sutficient

sensitivity for internal defect detection can be obtained.

Also, the method according to Patent Document 1 by
which an airborne ultrasonic wave 1s propagated within a
sample and an airborne ultrasonic wave from any internal
defect 1s detected involves a problem that no suilicient sensi-
tivity for internal defect detection can be obtained because the
ultrasonic wave propagated within the sample 1s weak and
moreover the airborne ultrasonic wave from the defect 1s also
extremely weak.

Further, 1n a case where convexes and concaves are present
on the sample surface or the sample surface 1s a rough face, 1t
1s 1mpossible to bring an ultrasonic waves probe 1nto tight
contact with the surface of a sample and the sensitivity for
internal defect detection 1s significantly reduced.

Therefore, 1n view of the problems cited above, the present
invention 1s mtended to provide an internal defect inspection
method and an apparatus for implementing the method by
which an ultrasonic wave 1s excited 1n a sample without
contact with the sample and accordingly without damaging
the sample, and an ultrasonic wave from any internal defect of
the sample 1s detected without being affected by the sample
surface, 1n a non-contact state and with high sensitivity.

The invention provides an internal defect inspection
method by which an ultrasonic wave 1s emitted from an ultra-
sonic wave transmitter toward a sample, an ultrasonic wave
reflected by the sample 1s detected as an 1nterference signal
with an 1maging type common-path interferometer, an ultra-
sonic wave signal 1s obtained from the interference signal,
and any defect within the sample 1s detected from the ultra-
sonic wave signal.

In another aspect, the invention provides an internal defect
inspection apparatus comprising an ultrasonic wave transmuit-
ter that emits an ultrasonic wave 1nto the air to be propagated
within a sample, an 1maging type common-path interferom-
cter that detects on the sample surface the ultrasonic wave
propagating within the sample as an ultrasonic wave vibra-
tion, and an ultrasonic wave signal detector that detects an
ultrasonic wave signal from the interference signal detected
by the 1imaging type common-path interferometer.

According to the mvention, 1t 1s possible to provide an
internal defect mnspection method and an apparatus for excit-
ing an ultrasonic wave 1n a sample without contact with the
sample and accordingly without damaging the sample and
detecting an ultrasonic wave from any internal defect of the
sample without being affected by the sample surface in a
non-contact state and with high sensitivity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a combination of a perspective view and a block
diagram showing the overall configuration of an internal
defect inspection apparatus in a first embodiment of the
present invention;

FIG. 2 1s a combination of a perspective view and a block
diagram showing the configuration of an interferometric dis-
placement sensor 1n the first embodiment of the 1nvention;

FIG. 3 1s a perspective view showing the configuration and
function of a reference mirror using a photonic crystal 1n the
first embodiment of the invention;

FIG. 4 15 a perspective view showing the configuration of a
phase shift element using a photonic crystal array in the first
embodiment of the invention;

FIG. 5 1s a graph showing the displacement sensitivity of
the mterferometric displacement sensor 1n the first embodi-
ment of the invention:
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FIG. 6 1s a combination of a perspective view and a block
diagram showing the configuration of the interferometric dis-
placement sensor 1n a second embodiment of the mvention;

FIG. 7 1s a combination of a perspective view and a block
diagram showing the overall configuration of an internal
defect mspection apparatus 1 a third embodiment of the
invention;

FIG. 8 1s a combination of a perspective view and a block
diagram showing the overall configuration of an internal
defect ispection apparatus in a fourth embodiment of the
imnvention;

FIG. 9 1s a combination of a perspective view and a block
diagram showing the configuration of an interferometric dis-
placement sensor 1n the fourth embodiment of the invention;

FIG. 10 1s a perspective view showing the configuration of
a phase shift element using a photonic crystal array in the
fourth embodiment of the invention; and

FI1G. 11 shows a front view of the photo acceptance face of
a divided type photoelectric conversion element 1n the fourth
embodiment of the invention.

DETAILED DESCRIPTION

First Embodiment
A first embodiment of the present mvention will be

described below with reference to FI1G. 1 through FI1G. 5. FIG.

1 shows an overall configuration of an 1internal defect inspec-
tion apparatus 1n the first embodiment. This internal defect
inspection apparatus comprises an ultrasonic wave transmit-
ting unit 200 that emits an airborne ultrasonic wave, an inter-
terometric displacement sensor 100 that detects an ultrasonic
wave vibration that 1s retlected or transmitted from within a
sample, a laser source unit 1, a polarization maintaiming fiber
2 that guides a laser beam emitted from the laser source unit
1 to the mterferometric displacement sensor 100, a signal
controller-processor 300 that executes control of airborne
ultrasonic wave emission, analysis and processing of the
amplitude and phase of the detected ultrasonic wave, and
control of the ultrasonic wave image configuration, a three-
dimensional image constructing unit 500 that constructs from
detected ultrasonic wave signals a three-dimensional ultra-
sonic wave 1mage regarding the positions of the sample 1n the
X direction, y direction and z direction, and a display with
defect determining unit 600 that displays the three-dimen-
sional ultrasonic wave image and executes defect determina-
tion.

A pulse signal 203 or a continuous wave signal 203 1s
outputted from a transmitter 202 on the basis of a control
signal 201 from the signal controller-processor 300, and an
airborne ultrasonic wave 204 1s emitted from the ultrasonic
wave transmitting unit 200. The ultrasonic wave transmitting,
unit 200 1s provided with an oscillator that 1s caused to oscil-
late by the application of a voltage and emits an ultrasonic
wave and an acoustic matching layer, and the equipment of
the oscillator with the acoustic matching layer restrains the
difference 1n acoustic impedance between the oscillator and
air to enable the ultrasonic wave to propagate 1n the air. As the
oscillator, usually a piezoelectric element 1s used, and as the
acoustic matching layer, clay, epoxy, polyurethane or the like,
whose difference in acoustic impedance 1s small both for the
piezoelectric element and air, 1s used. The airborne ultrasonic
wave 204 propagates inward from the surface of a sample 400
of a rolled steel sheet, composite steel sheet, casting, ceramic
substrate or the like, and 1s reflected by a defect 401 having
arisen mside the sample, such as an extoliation, crack or void.
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This retlected ultrasonic wave, though attenuating, excites a
weak ultrasonic wave vibration 205 on the surface of the
sample 400.

A linearly polarized laser beam emitted from the laser
source unit 1 configured of a He—Ne laser of 632.8 nm 1n
wavelength or a solid laser of 532 nm 1n wavelength 1s guided
by the polarization maintaining fiber 2 to the interferometric
displacement sensor 100. A probe beam 12 emitted from the
interferometric displacement sensor 100 1rradiates the exci-
tation area where the ultrasonic wave vibration 205 is gener-
ated, and a phase change accompanying the ultrasonic wave
vibration occurs on 1ts retlected beam. This phase change 1s
detected by the interferometric displacement sensor 100 as an
amplitude change of an interference beam, and outputted as
an ultrasonic wave signal 51.

The ultrasonic wave signal 51 1s sent to the three-dimen-
sional 1mage constructing unit 300 via the signal controller-
processor 300. In the three-dimensional image constructing
unit 500, a three-dimensional ultrasonic wave 1image repre-
senting the internal structure of the sample 400 1s constructed
by the use of ultrasonic wave image sets 301 to 504 obtained
by scanning the ultrasonic wave transmitting unit 200 and the
interferometric displacement sensor 100 1n the x and y direc-
tions at a certain distance 1n the air over the sample 400. Thus,
the ultrasonic wave 1mage set 501 1s a plurality of sheets of
time axis signal (z-directional signal) data collected while
scanning the ultrasonic wave transmitting unit 200 and the
interferometric displacement sensor 100 1n the x direction,
and corresponds to a two-dimensional ultrasonic wave 1mage
regarding the x direction and the z direction. By further
executing this operation while scanning the ultrasonic wave
transmitting unit 200 and the interferometric displacement
sensor 100 1n the y direction to repeat acquisition of the
ultrasonic wave 1mage sets 502, 503, 504, . . . , a three-
dimensional ultrasonic wave image regarding the x direction,
the y direction and the z direction 1s structured. Among the
time axis signal (z-directional signal) data 501 to 504, 501a
represents a reflected ultrasonic wave signal from the front
surface 400a of the sample 400, and 5015, a retlected ultra-
sonic wave signal from the rear face 4005. On the other hand,
501¢ 1n the time axis signal (z-directional signal) data 502
represents a reflected ultrasonic wave signal from a defect
401 within the sample 400.

This three-dimensional ultrasonic wave image 1s delivered
to the display with defect determining umt 600, a three-
dimensional ultrasonic wave image 601 of the sample 400 1s
displayed on a display unit or the like, and the internal defect
401 1s revealed as an 1nternal defect image 602.

To add, so that the airborne ultrasonic wave 204 emaitted
from the ultrasonic wave transmaitting unit 200 may not come
directly incident on the mterferometric displacement sensor
100, obviously due consideration should be given to the
arrangement of the two elements and to restraining of vibra-
tion.

The configuration and functions of the interferometric dis-
placement sensor 100 in this embodiment will now be
described with reference to FIG. 2 through FIG. 4. As shown
in FIG. 2, the interferometric displacement sensor 100 com-
prises an optical mterferometer 110 and an ultrasonic wave
signal arithmetic processing unit 40. In the optical interfer-
ometer 110, a linearly polarized laser beam 1n a 90° direction
emitted from the polarization maintaiming fiber 2 1s converted
by a collimator 3 into a parallel beam 4 and further transmuit-
ted by a polarizing element 3, such as a Glan-Thompson
prism, and a transmitted beam 6 1s caused to be reflected by
the prism mirror 7 and an nonpolarizing beam splitter 8 to be
brought to incidence on a reference mirror 9.
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As shown 1n FIG. 3, the reference mirror 1s composed of a
photonic crystal 9a. The photonic crystal 9a, as shown 1n the
magnified perspective view, 1s configured by forming 45°-
directed line and space difiraction grating 942 on a synthetic
quartz substrate 9al, with which pitch 1s smaller than the
wavelength of the incident light, and depositing dielectric
thin films 9a3 and 9a4 differing from each other in refractive
index over the grating substrate 9a1. By controlling the bias
sputtering conditions at the time of depositing the dielectric
thin films 943 and 9a4, the convexo-concave shape of the
diffraction grating can be maintained 1n the sectional struc-
ture of the thin film layers as a convexo-concave shape of a
triangular waveform to the uppermost layer along the direc-
tion of film thickness. Usable thin film materials include Si,
S10,, T10,, Ta,O. and Nb,O.. Such a diffraction grating-
based multilayer thin film structure functions as a photonic
crystal whose diffraction grating direction 1s the crystallo-
graphic axis direction (represented by a bold arrow), and 1s
caused to exhibit birefringence property (optical anisotropy)
by refraction and interference between the multiple layers of
thin films, enabling the polarization and transmission/reflec-
tion characteristics of the incident light to be controlled. (CT.
the product catalog of Photonic Lattice, Inc. (in Japan)). The
pitch and depth of the difiraction grating and the thickness of
cach thin film are controlled 1n consideration of the wave-
length of the incident light and the desirable characteristics.
Another major feature 1s that polarizing elements and wave-
plate elements differing in the direction of the crystallo-
graphic axis can be formed 1n an array over a single substrate
by utilizing photolithography technique and film formation
technique such as sputtering, which are used 1n semiconduc-
tor manufacturing process. In this embodiment, the photonic
crystal 9a functions as a polarizing element. The direction of
the diffraction grating (the direction of the crystallographic
axis) 1s set at 45°, and the linearly polarized laser beam 6 1n
the 90° direction (denoted by 67 1n the drawing) 1s incident on
the reference mirror 9. In this case, S polarized component
10rs of the laser beam 6, whose polarization direction 1s the
same as the direction of the crystallographic axis, 1s retlected
by the surface of the photonic crystal 9a while the P polarized
component 10mp orthogonal to the direction of the crystal-
lographic axis 1s transmitted by the photonic crystal 9a. An S
polarized component 107 reflected by the reference mirror 9
1s used as a reference beam, and a P polarized beam 10z
transmitted by the same 1s used as a probe beam. It 15 also
possible to use, instead of the photonic crystal 9a, a grated
polarizing element, such as a wire grid polarizer configured
by forming a diffraction grating of a metallic material, such as
Al, over a glass substrate.

The P polarized beam 10m transmitted by the reference
mirror 9 1s focused by a focusing lens 11 onto the excitation
area where the reflected ultrasonic wave vibration 205 1is
caused on the surface of the sample 400 as a convergent beam
12. Thus, the focal position of the focusing lens 11 1s coinci-
dent with the surface of the sample 400. A retlected beam
from the excitation area again becomes a P polarized parallel
beam 10 after being transmitted by the focusing lens 11, and
1s transmitted by the reference mirror 9. The S polarized
component 107 (reference beam) reflected by the reference
mirror 9 and the transmitted P polarized beam 10 are syn-
thesized into an orthogonal polarized beams 14, which are
transmitted by the nonpolarizing beam splitter 8.

This orthogonal polarized beams 14, after having passed an
aperture 13 for removal of stray light, 1s divided into four
channels of orthogonal polarized beams 16 by two quadran-
gular pyramidal prisms 154 and 1556. The applicable method
of beam division 1s not limited to the use of such prisms, but
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6

diffraction optical elements or cube-shaped beam splitters
can as well be used 1n combination. The two beams of each
channel 16 interfere with additional phase shifts of 0, /2, «
and 37/2 by passing through a phase shift element 17, result-
ing in the four channels of the phase-shifted interference
beams 20.

As shown 1n FI1G. 4, the phase shift element 17 1s formed of
two photonic crystal arrays 18 and 19. The photonic crystal
array 18 comprises two areas, the lower right haltf being
formed of synthetic quartz 18a and the upper left half, of a
photonic crystal 186. The photonic crystal 185, as shown 1n
the magnified perspective view, 1s configured by forming
45°-directed line and space difiraction grating 18562 on a
synthetic quartz substrate 1851, with which pitch 1s smaller
than the wavelength of the incident light, and depositing
dielectric thin films 18563 and 1854 differing from each other
in refractive index over the grating substrate 9a1. The photo-
nic crystal 185 functions as a V4 wave plate, and a bold arrow
represents the direction of 1ts crystallographic axis. Thus, as
shown 1 FIG. 2, the two channels of orthogonal polarized
beams of the four channels of orthogonal polarized beams 16
are transmitted by the photonic crystal 185, and then a phase
difference of m/2 arises between orthogonal polarized com-
ponents for each channel. On the other hand, the remaining
two channels of orthogonal polarized beams are transmitted
by the synthetic quartz 18a, and no phase difference arises
between orthogonal polarized components for each channel.

The photonic crystal arrays 19, as shown 1n FIG. 4, com-
prises four areas, of which the left and right parts are config-
ured of photonic crystals 194 and 195 having an 0° crystal-
lographic axis direction (represented by a bold arrow) and the
top and bottom parts are configured of photonic crystals 19¢
and 194 having an orthogonal 90° crystallographic axis direc-
tion (represented by a bold arrow). The photonic crystal of
cach area, to take up the photonic crystal 194 by way of
example, 1s configured by forming 90°-directed line and
space diffraction grating 1942 on a synthetic quartz substrate
1941, with which pitch 1s smaller than the wavelength of the
incident light, and depositing dielectric thin films 1943 and
1944 differing from each other in refractive index over the
grating substrate 9al, as shown 1n the magnified perspective
view. The same 1s true of the structure of the photonic crystals
19a, 1956 and 19c¢. The four photonic crystals 19a, 195, 19¢
and 194 function as polarizing elements, and a bold arrow
represents the direction of 1ts crystallographic axis. Thus, as
shown 1n FIG. 2, the two channels of orthogonal polarized
beams of the four channels of orthogonal polarized beams 16
are transmitted by the photonic crystals 194 and 195, and then
a phase difference of n arises between orthogonal polarized
components for each channel. On the other hand, the remain-
ing two channels of orthogonal polarized beams are transmiut-
ted by the photonic crystals 19¢ and 194, and no phase dit-
ference arises between orthogonal polarized components for
cach channel. Finally, the two beams of each channel interfere
cach other.

Thus, the orthogonal polarized components of the four
channels of orthogonal polarized beams 16, passing through
the phase shift element 17 comprising the two photonic crys-
tal arrays 18 and 19, interfere with additional phase shifts of
0, /2, ® and 37/2, resulting 1in the four channels of the
phase-shifted interference beams 20. The four channels of
phase-shifted interference beams 20 are, by being transmitted
by four imaging lenses 21, received as a focused beams 22 on
the photo acceptance faces of four photoelectric conversion
clements 23, which are photodiodes or the like, and, after
being amplified by an amplifier 24, outputted as four channels

of phase-shifted interference signals 31a, 315, 31¢ and 314.




US 9,134,279 B2

7

As 1s evident from FIG. 2, the focal positions of the four
imaging lenses 21 are coincident with the photo acceptance
faces of the photoelectric conversion elements 23. Therefore,
the surface of the sample 400 and the photo acceptance faces
ol the photoelectric conversion elements 23 are 1n a relation-
ship of conjugation, namely a relationship of 1image forma-
tion. For this reason, even if the surface of the sample 400 1s
inclined or has minute convexes and concaves, or the surface
of the sample 400 1s rough, a retlected beam from the surface
1s accurately condensed and received by the photo acceptance
faces of the photoelectric conversion elements 23, and stable
phase-shifted interference signals 31a, 315, 31¢ and 31d can
be obtained.

The four phase-shifted interference signals 31a, 315, 31c¢
and 314 are respectively represented by Equations (1) to (4):

L, =1, + 1 + 21, I)Y*cos(dnnD / A) (1)

L =1, +1.+2(, I cos@anD/A+x/2) (2)

=1, +1 —=2(, - I)Y*sin(drxnD /)

I.=1 +1 +2(,-1)*cos(dnnD /A + 7) (3)

=1, +1 =2, -1)Y*cos(4rnnD | A)

Li=1,+ 1 +2, L)Y *cos(dnnD /A + 37 /2) (4)

=1, + 1+ 201, - I)Y*sin(dzxnD | A)

where I 1s the detected intensity of a probe beam 10m; 1, the
detected intensity of a reference beam 10r; n, the refractive
index of air; D, the amplitude of the reflected ultrasonic wave
vibration 205 excited on the surface of the sample 400; and A,
the wavelength of the laser beam 4. In the ultrasonic wave
signal arithmetic processing unit 40, the amplitude D of the
reflected ultrasonic wave vibration 205 excited on the surface
of the sample 400 1s calculated according to Equation (5), and
inputted to the signal controller-processor 300 as the ultra-
sonic wave signal 51.

D=(Namn)tan™ {(L;~1,) [~1.)} ()

As 1s seen from FIG. 2, two beams including a probe beam
102 with which the surface of the sample 400 1s 1rradiated
and a reference beam 107 are emitted from the laser source
unit 1 and comes incident on the imnterferometric displacement
sensor 100 travel exactly the same optical path until they
reach the reference mirror 9 and are further received by the
four photoelectric conversion elements 23 from the reference
mirror 9. Thus, 1t 1s the configuration of a common-path type
interferometer. Therefore, even if the temperature distribu-
tion or the refractive index distribution due to air fluctuations
or mechanical vibration occur on the optical paths, these
external disturbances equally impact both beams, and there-
fore the impacts of these external disturbances are cancelled
out when both beams nterfere, leaving the interference
beams free from the effects of such disturbances. As an excep-
tion, on the optical path between the reference mirror 9 and
the sample 400, only the probe beam 10m and its focusing
beam 12 are present, but, 11 the spacing between the reference
mirror 9 and the focusing lens 11 1s kept at not more than 1
mm and the focal distance of the focusing lens 11 1s set at
approximately 5 mm or less, the spacing between the refer-
ence mirror 9 and the sample 400 can be set to no more than
8 mm even with an approximately 2 mm thickness of the
focusing lens 11 taken into account. The influence of external
distances 1n such a minute gap could be 1gnored. Also, imten-
sity fluctuations of the laser beam itself would be fluctuations
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for the detected itensity 1_ of the probe beam and for the
detected intensity 1 of the reterence beam in Equations (1) to
(4), but they can be canceled by subtraction processing and
division processing 1n Equation (5) by the ultrasonic wave
signal arithmetic processing unit 40.

Further 1in the mterferometric displacement sensor 100 of
this embodiment, as the four channels of orthogonal polarized
beams are generated by a simple configuration and four chan-
nels of phase-shifted interference beams are generated and
received by the arrayed photonic crystals spatially 1n parallel,
the number of optical components required 1s drastically
reduced compared with conventional phase-shifting interfer-
ometers, resulting 1in an advantage that the iterferometric
displacement sensor can be significantly reduced in size.
More specifically, the dimensions of the optical interferoms-
eter 110 can be reduced to around 20(W)x50(L)x14(H) mm.
Furthermore, as the our phase-shifted interference beams
travel optical paths which are close to each other, even if the
external disturbances such as the temperature distribution,
humidity distribution, atmospheric pressure distribution,
density distribution, and air tflow variations due to air tluctua-
tions occur on the optical paths, their impacts can be kept to
the minimum. As the interferometric displacement sensor
100 can be reduced 1n size 1n such a way, 1ts combination with
the ultrasonic wave transmitting unit 200 to scan over the
sample 400 1n the x direction and the v direction 1s facilitated.

The results of measurement of minute displacements with
a trial product of the interterometric displacement sensor 100
are shown 1n FIG. 5. The object of measurement was a piezo-
clectric element stage. The horizontal axis 1n the graph rep-
resents the stage movement when the piezoelectric element
stage was scanned over a range of 1 nm, and the vertical axis,
the displacements measured by the interferometric displace-
ment sensor 100. From the variation extent of the measured
displacement signal 51s, 1t 1s known that the displacement
sensitivity of the mterferometric displacement sensor 100 1s
smaller than 40 picometers (pm), revealing a sensitivity 10
times or even more as high as that of conventional optical
interferometers. Because of what has been said, this interfero-
metric displacement sensor 100 can stably measure the dis-
placement of the object or the amplitude of the ultrasonic
wave vibration 1n the order of picometers without requiring
precise control of such environmental factors as temperature,
humidity, atmospheric pressure, density and acoustic vibra-
tion. Thus in the ultrasonic wave transmitting unit 200,
though the equipment of the oscillator with the acoustic
matching layer restrains the difference 1n acoustic impedance
between the oscillator and air and thereby enables ultrasonic
waves to be emitted mto the air at a high propagation effi-
ciency, this airborne ultrasonic wave 1s significantly attenu-
ated when 1t comes incident on the sample 400. As aresult, the
amplitude of the ultrasonic wave vibration reflected or trans-
mitted by an internal defect and arising on the surface of the
sample 400 has attenuated to a sub-nanometer level or even
below. For this reason, no conventional optical interferometer
was able to detect this minute ultrasonic wave vibration that 1s
excited by airborne ultrasonic waves on the sample surface.
Unlike that, as shown in FIG. §, the interferometric displace-
ment sensor 100 of this embodiment has a displacement sen-
sitivity to 40 pm or even small, and has succeeded for the first
time 1 detecting a minute ultrasonic wave vibration whose
amplitude 1s in the order of picometers that 1s excited by
airborne ultrasonic waves on the sample surface.

Although the interferometric displacement sensor 100 1s
arranged on the same side as the ultrasonic wave transmitting
unmit 200 relative to the sample 400 1 this embodiment to
detect an ultrasonic wave vibration reflected by an internal
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defect, 1t 1s also permissible to arrange the mterferometric
displacement sensor 100 on the reverse side to the ultrasonic
wave transmitting unit 200 to detect an ultrasonic wave vibra-
tion transmitted by an internal defect.

As shown in FIG. 1 through FIG. §, this embodiment
achieves high-sensitivity detection of ultrasonic wave vibra-
tions with a minute amplitude 1n the order of picometers
excited by airborne ultrasonic waves on the sample surface,
without being affected by the mfluence of any external dis-
turbance, and even 11 the surface of the sample 1s inclined or
has minute convexes and concaves or the surface of the
sample 1s rough, stable non-contact non-destructive detection
ol any internal defect in the sample 1s made possible.
Second Embodiment

A second embodiment of the present invention will be
described below with reference to FIG. 6. FIG. 6 shows the
interferometric displacement sensor 100 1n an imternal defect
inspection apparatus of this embodiment.

In the first embodiment, the linearly polarized laser beam
emitted from the laser source unit 1 1s guided by the polar-
ization maintaining fiber 2 to the interferometric displace-
ment sensor 100. Unlike that, 1n the interferometric displace-
ment sensor 100 of this embodiment, as shown in FIG. 6, 1n
place of the laser source unit 1 and the polarization maintain-
ing fiber 2, a small laser diode 35, which may be a semicon-
ductor laser or the like as the laser source 1s built 1nto the
optical interferometer 110. Therefore, the use of the laser
diode 35 serves to dispense with beam guidance with a fiber
and enables the laser source to be directly built into the optical
interferometer, resulting 1n a reduction 1n the overall device
s1ze. A 90°-directed linearly polarized laser beam 36 emitted
from the laser diode 35 1s converted by a collimating lens 37
into the parallel beam 4, which 1s further transmitted by the
polarizing element 5, such as a Glan-Thompson prism, and
the transmitted beam 6 1s retlected by the prism mirror 7 and
the nonpolarizing beam splitter 8 to be brought to incidence
on the reference mirror 9. As the configurations and functions
of the ensuing elements and those of the internal defect
ispection apparatus are exactly the same as the respective
counterparts in the first embodiment 1n FIG. 1 and FIG. 2,
except the laser source unit 1 and the polarization maintaining
fiber 2, their description will be dispensed with.

As shown 1n FIG. 6, this embodiment can achieve high-
sensitivity detection of ultrasonic wave vibrations with a
minute amplitude 1 the order of picometers excited by air-
borne ultrasonic waves on the sample surface, without being
alfected by the influence of any external disturbance. There-
fore, eveniithe surface of the sample 1s inclined or has minute
convexes and concaves or the surface of the sample 1s rough,
stable non-contact non-destructive detection of any internal
defect 1n the sample 1s made possible. Furthermore, as this
embodiment has a laser diode built into the interferometric
displacement sensor 100, no laser source unit 1s required, and
the overall size of the internal defect inspection apparatus 1s
reduced. Moreover, 1t 1s made even easier to scan the surface
of the sample 400 1n the x direction and the y direction 1n
combination with the ultrasonic wave transmitting unit 200.
Third Embodiment

A third embodiment of the present invention will now be
described with reference to FI1G. 7. FIG. 7 shows the overall
configuration of an internal defect inspection apparatus 1n this
embodiment.

The first embodiment has one each of the ultrasonic wave
transmitting unit 200 that emits an airborne ultrasonic wave
and the interferometric displacement sensor 100 that detects
an ultrasonic wave vibration reflected or transmitted from
within a sample, and a three-dimensional ultrasonic wave
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image 1s obtained by scanning the unit 200 and the sensor 100
in the X direction and the y direction. Unlike that, as shown 1n
FIG. 7, this embodiment has a plurality of ultrasonic wave
transmitting units 200a, 2005, 200¢ and 2004 arrayed 1n the x
direction, and they emit a plurality of airborne ultrasonic
waves 204a, 20456, 204¢ and 2044 either simultaneously or in
a time series. On the other hand, an interferometric displace-
ment sensor 100 1s arranged at a corresponding position, with
which a plurality of optical interterometers 110 and ultra-
sonic wave signal arithmetic processing units 40 are built into
it. From the interferometric displacement sensor 100, a plu-
rality of probe beams 12a, 125, 12¢ and 124 arrayed 1n the x
direction are focused by the respective excitation areas where
a plurality of ultrasonic wave vibrations 205a, 2055, 205¢ and
2054 are generated on the surface of the sample 400, and a
phase change accompanying the ultrasonic wave vibrations
occurs on their reflected beams. This phase change 1s detected
by the interferometric displacement sensor 100 as an ampli-
tude change of an interference beams, and a plurality of
ultrasonic wave signals 51a, 515, 51¢ and 514 are outputted
and delivered to the three-dimensional image constructing
unit 500 via the signal controller-processor 300.

In the three-dimensional 1mage constructing unit 500, a
three-dimensional ultrasonic wave image representing the
internal structure of the sample 400 1s configured by using the
ultrasonic wave 1mage sets 501 to 504 obtained by scanning
the ultrasonic wave transmitting units 200a, 20056, 200¢ and
2004 and the interterometric displacement sensor 100 inthey
direction in the air at a certain distance above the sample 400.
As the functions of the ensuing elements are exactly the same
as the respective counterparts in the first embodiment, their
description will be dispensed with. Incidentally, 1t 1s also
possible to combine the second embodiment with this
embodiment.

In this embodiment, obviously internal defects can be
detected with even higher resolution by increasing the num-
ber of ultrasonic wave transmitters and optical interferom-
eters. It 1s also possible to replace the plurality of ultrasonic
wave transmitters with an ultrasonic wave transmitter that
emits a linear airborne ultrasonic wave.

As shown 1n FIG. 7, this embodiment can achieve high-
sensitivity detection of ultrasonic wave vibrations with a
minute amplitude 1n the order of picometers excited by air-
borne ultrasonic waves on the sample surface, without being
alfected by the influence of any external disturbance. There-
fore, eveniithe surface of the sample 1s inclined or has minute
convexes and concaves or the surface of the sample 1s rough,
stable non-contact non-destructive detection of any internal
defect 1n the sample 1s made possible. Furthermore, as this
embodiment can obtain a three-dimensional ultrasonic wave
image of the sample by scanning the ultrasonic wave trans-
mitters and the iterferometric displacement sensor only in
the y direction 1n the air at a certain distance above the sample,
the scanning mechanism can be simplified, and the time taken
for internal defect inspection can be reduced at the same time.
Fourth Embodiment

A Tourth embodiment of the present invention will now be
described with reference to FIG. 8 through FIG. 11. FIG. 8
shows the overall configuration of an internal defect inspec-
tion apparatus 1n this embodiment.

In this embodiment, as 1n the third embodiment, a plurality
of ultrasonic wave transmitting units 200a, 2005, 200¢ and
2004 are arrayed 1n the x direction, and emit a plurality of
airborne ultrasonic waves 204a, 2045, 204¢ and 204d etther
simultaneously or 1n a time series. On the other hand, from the
interferometric displacement sensor 100, a linear probe beam
12w along the x direction 1s emitted to 1rradiate the respective
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excitation areas where a plurality of ultrasonic wave vibra-
tions 205a, 2055, 205¢ and 2054 are generated on the surface
of the sample 400, and a phase change accompanying the
ultrasonic wave vibrations occurs on 1ts reflected beam. This
phase change 1s detected by the interferometric displacement
sensor 100 as an amplitude change of an interference beam,
and a plurality of ultrasonic wave signals 51w are outputted
and delivered to the three-dimensional 1image constructing
unit 500 via the signal controller-processor 300.

In the three-dimensional 1image constructing unit 500, a
three-dimensional ultrasonic wave 1mage representing the
internal structure of the sample 400 1s configured by using the
ultrasonic wave 1mage sets 501 to 504 obtained by scanning,
the ultrasonic wave transmitting units 200a, 20056, 200¢ and
2004 and the interterometric displacement sensor 100 inthe y
direction in the air at a certain distance above the sample 400.
As the functions of the ensuing elements are exactly the same
as the respective counterparts in the first embodiment, their
description will be dispensed with.

The configuration and functions of the interferometric dis-
placement sensor 100 of this embodiment will be described
with reference to FIG. 9 through FIG. 11. As shown in FIG. 9,
the interferometric displacement sensor 100 comprises the
optical mterferometer 110w that emits a linear probe beam
12w and the ultrasonic wave signal arithmetic processing unit
40w. In the optical interferometer 110w, a 90°-directed lin-
carly polarized laser beam emitted from the polarization
maintaining fiber 2 1s converted into the parallel beam 4 by the
collimator 3 and further transmaitted by the polarizing element
5, such as a Glan-Thompson prism, and the transmitted beam
6 1s converted 1nto rectangular beam 81 by a beam shaping
clement 80, such as a diffraction optical element or a holo-
gram element, or an anamorphic prism pair. The rectangular
beam 81 is reflected by the prism mirror 7 and the nonpolar-
1zing beam splitter 8 and brought to incidence on the refer-
ence mirror 9.

The reference mirror 9, as shown 1n FIG. 3, 1s composed of
the photonic crystal 9a. The photonic crystal 9a, as shown in
the magnified perspective view, 1s configured by forming
45°-directed line and space diffraction grating 942 on a syn-
thetic quartz substrate 941, with which pitch 1s smaller than
the wavelength of the 111C1d611t light, and depositing dielectric
thin films 943 and 9q4 differing from each other 1n refractive
index over the grating substrate 9a1. By controlling the bias
sputtering conditions at the time of depositing the dielectric
thin films 943 and 9a4, the convexo-concave shape of the
diffraction grating can be maintained 1n the sectional struc-
ture of the thin film layers as a convexo-concave shape of a
triangular wavetorm to the uppermost layer along the direc-
tion of film thickness. Usable thin film materials include Si,
S10,, T10,, Ta,O. and Nb,O.. Such a diffraction grating-
based multilayer thin film structure functions as a photonic
crystal whose diffraction grating direction 1s the crystallo-
graphic axis direction (represented by a bold arrow), and 1s
caused to exhibit birefringence property (optical anisotropy)
by refraction and interference between the multiple layers of
thin films, enabling the polarization and transmission/reflec-
tion characteristics of the incident light to be controlled. Also,
polarizing elements and wave-plate elements differing in the
direction of the crystallographic axis can be formed 1n an
array over a single substrate by utilizing photolithography
technique and film formation technique such as sputtering,
which are used 1n semiconductor manufacturing process. In
this embodiment, the photonic crystal 9a functions as a polar-
izing element. The direction of the diffraction grating (the
direction of the crystallographic axis) 1s set at 45°, and the
linearly polarized laser beam 6 1n the 90° direction (denoted
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by 67 1n the drawing) 1s incident on the reference mirror 9. In
this case, S polarized component 10rs of the laser beam 6,
whose polarization direction 1s the same as the direction of the
crystallographic axis, 1s retlected by the surface of the pho-
tonic crystal 9a while the P polarized component lamp
orthogonal to the direction of the crystallographic axis is
transmitted by the photonic crystal 9a. The S polarized com-
ponent 107 reflected by the reference mirror 9 1s used as a
reference beam, and the P polarized beam 10m transmitted by
the same 1s used as a probe beam. It 1s also possible to use,
instead of the photonic crystal 9a, a grated polarizing ele-
ment, such as a wire grid polarizer, configured by forming a
diffraction grating of a metallic material, such as Al, over a
glass substrate.

The rectangular P polarized beam 10m transmitted by the
reference mirror 9 1s focused by a focusing lens 11w, and 1s
linearly focused as the convergent beam 12w along the
respective excitation areas where the plurality of ultrasonic
wave vibrations 205a, 2055, 205¢ and 205d 1s caused on the
surface of the sample 400. Thus, the focal position of the
focusing lens 11w 1s coincident with the surface of the sample
400. A retlected beam from the excitation areas again
becomes a P polarized rectangular beam 10m after being
transmitted by the focusing lens 11, and 1s transmitted by the
reference mirror 9. The S rectangular polarized component
107 (reference beam) retlected by the reference mirror 9 and
the rectangular P polanized beam 10 transmitted by the
reference mirror 9 are synthesized into a rectangular orthogo-
nal polarized beams 82, and are transmitted by the nonpolar-
1zing beam splitter 8.

These rectangular orthogonal polarized beams 82 interfere
with additional phase shifts of 0, /2, w and 37/2 by passing
through a phase shift element 83, resulting 1n the four chan-
nels of the phase-shifted mterference beams 86 divided in a
direction orthogonal to the longitudinal direction of the linear
convergent beam 12w

The phase shift element 83 1s configured of two photonic
crystal arrays 84 and 85 as shown in FIG. 10. The photonic
crystal array 84 1s divided into two areas in a direction
orthogonal to the longitudinal direction of a linear convergent
spot 12w, with the lower half formed of synthetic quartz 844
and the upper halt, of a photonic crystal 845. As the configu-
ration and principle of the photonic crystal 845 are the same
as those of the reference mirror 9, their description will be
dispensed with. The photonic crystal 845 functions as a V4
wave plate, and a bold arrow 1n the 435° direction represents its
crystallographic axis direction. Thus, as shown in FIG. 9, the
upper half of the rectangular orthogonal polarized beams 82
are transmitted by the photonic crystal 845, and then a phase
difference, of /2 arises between orthogonal polarized com-
ponents. On the other hand, the lower half of the rectangular
orthogonal polarized beams 82 are transmitted by the syn-
thetic quartz 84a, and no phase difference arises between
orthogonal polarized components.

The photonic crystal array 85 1s divided into four segments
in a direction orthogonal to the longitudinal direction of the
linear convergent spot 12w as shown 1n FIG. 10, and the
photomc crystals 854 and 85b having a 0° crystallographic
axis direction and photonic crystals 85¢ and 854 having an
orthogonal 90° crystallographic axis direction alternate each
other. The photonic crystals 83a, 855, 85¢ and 854 function as
polarizing elements, and the bold arrow indicates their crys-
tallographic axis direction. Thus, as shown in FIG. 9,
orthogonal polarized beams transmitted by the photonic crys-
tals 85a and 855 interfere each other with additional phase
shifts of @0 between orthogonal polarized components. On
the other hand, orthogonal polarized beams transmitted by the
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photonic crystals 85¢ and 854 interfere each other without
additional phase shifts between orthogonal polarized compo-
nents.

Thus, the orthogonal polarized components 1n a direction
orthogonal to the longitudinal direction of the rectangular
orthogonal polarized beams 82, transmitted by the phase shiit
clement 83 comprising two photonic crystal arrays 84 and 85,
interfere with additional phase shifts o 0, /2, wand 37/2. As
aresult, the four channels of phase-shifted interference beams
86 are generated 1n a direction orthogonal to the longitudinal
direction of the linear convergent spot 12w and conjugate 1n
the longitudinal direction of the linear convergent spot 12w.
The phase-shifted interference beams 86, as shown in FIG. 9,
are focused and recerved by the photo acceptance faces of
divided type photoelectric conversion elements 89, such as a
photodiode array, comprising N pixelsx4 light receiving
areas as Nx4 convergent beams 88 by Nx4 lens arrays 87
matching the longitudinal direction of the linear convergent
spot 12w and the four areas of the phase shift element 83 and,
alter being amplified by an amplifier 90, outputted as Nx4
phase-shifted interference signals 31w. As shown in FIG. 11,
light recerving arcas 89a, 896 and 89¢, 89d respectively
match the photonic crystals 835a, 855, 85¢ and 85d of the
photonic crystal array 85 shown in FIG. 10. Further, as 1s
evident from FIG. 9, the focal positions of the lens arrays 87
are coincident with the light recerving areas of the photoelec-
tric conversion elements 89. Therefore, the surface of the
sample 400 and the photo acceptance faces of photoelectric
conversion elements 89 are 1n a relationship of conjugation,
namely a relationship of 1image formation via the focusing
lens 11w and the lens arrays 87. For this reason, even if the
surface of the sample 400 1s inclined or has minute convexes
and concaves or the surface of the sample 400 1s rough,
reflected beams from the surface are accurately focused and
received by the photo acceptance faces of photoelectric con-
version elements 89 to give the stable phase-shifted interfer-
ence signals 31w

The four phase-shifted interference signals 31w corre-
sponding to an N pixel are given by Equations (1) to (4) as 1n
the first embodiment, and the ultrasonic wave signal arith-
metic processing unit 402 calculates the amplitude D of each
ol the reflected ultrasonic wave vibrations 20354 through 2054
excited on the surface of the sample 400 for each of the N
pixels 1n accordance with Equation (5). The amplitudes are
inputted to the signal controller-processor 300 as N ultrasonic
wave signals 51w.

As shown 1n FIG. 8 and FIG. 9, this embodiment can
achieve high-sensitivity detection of ultrasonic wave vibra-
tions with a minute amplitude 1n the order of picometers
excited by airborne ultrasonic waves on the sample surface,
without being affected by the mfluence of any external dis-
turbance, and, even if the surface of the sample 1s inclined or
has minute convexes and concaves or the surface of the
sample 1s rough, stable non-contact non-destructive detection
of any internal defect 1n the sample 1s made possible. Further-
more, as this embodiment can obtain a three-dimensional
ultrasonic wave 1image of the sample by scanning the ultra-
sonic wave transmitters and the interferometric displacement
sensor only 1n the y direction 1n the air at a certain distance
above the sample, the scanning mechanism can be simplified,
and the time taken for internal defect inspection can be
reduced at the same time.

Further, the third embodiment uses a plurality of optical
interferometers to simultaneously detect ultrasonic wave sig-
nals from a plurality of points on the sample, and accordingly
it has the advantages of simplifying the scanning mechanism
configuration and at the same time reducing the time for
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internal defect inspection. On the other hand, however, the
configuration of its interferometric displacement sensor 1s
made complex. Unlike that, this embodiment requires only
one optical interferometer by virtue of the use of rectangular
beams, and therefore its interferometric displacement sensor
configuration 1s simplified, enabling the cost to be reduced,
while retaining the advantages of the third embodiment.

In these four embodiments of the invention 1t 1s also per-
missible to use, instead of the photonic crystal array, a grated
polarizing element, such as a wire grid polarizer, configured
by forming a diffraction grating of a metallic material, such as
Al, over a glass substrate.

Advantageous Eftects of First Through Fourth Embodiments

As hitherto described, the first through fourth embodi-
ments of the invention can achieve high-sensitivity detection
of ultrasonic wave vibrations with a minute amplitude in the
order of picometers excited by airborne ultrasonic waves on
the sample surface, without being affected by the influence of
any external disturbance, and even 11 the surface of the sample
1s inclined or has minute convexes and concaves or the surface
of the sample 1s rough, stable non-contact non-destructive
detection of any internal defect 1n the sample 1s made pos-
sible. As a result, internal defects such as exfoliations, cracks
or voids caused 1n a rolled steel sheet, composite steel sheet,
casting, ceramic substrate or the like the sample, can be
detected 1n a non-contact non-destructive way.

While the mnvention accomplished by the present inventor
has been described 1n specific terms with reference to
embodiments thereot, the invention 1s not limited to these
embodiments, but can obviously be modified 1n various man-
ners without deviating from the essentials thereof.

What 1s claimed 1s:

1. An 1nternal defect mnspection method whereby an ultra-
sonic wave 1s emitted from an ultrasonic wave transmitter
toward a sample to propagate within the sample to produce an
ultrasonic wave vibration proximate a surface of the sample,
the ultrasonic wave vibration 1s detected by an 1imaging type
common-path interferometer as an interference signal, an
ultrasonic wave signal 1s obtained from the interference sig-
nal, and any defect within the sample 1s detected from the
ultrasonic wave signal.

2. The internal defect mspection method according to
claim 1, wherein:

the 1maging type common-path interferometer emits a

laser beam, causes a reference mirror to reflect part of
the laser beam, causes the sample to reflect the laser
beam transmitted by the reference mirror, and detects
the laser beams reflected by the reference mirror and the
sample and subjected to polarizing interference in a state
of being given a phase shiit from a phase shift element.

3. The internal defect mspection method according to
claim 2, wherein:

the 1maging type common-path interferometer focuses

onto the surface of the sample the laser beam by the
reference mirror with a focusing lens and causes the
phase-shifted laser beam from the phase shift element to
be focused by an 1imaging lens.

4. The internal defect mspection method according to
claim 1, wherein:

the 1maging type common-path interferometer guides a

laser beam emitted from a laser source with a polariza-
tion maintaining fiber.

5. The internal defect mspection method according to
claim 2, wherein:

the 1imaging type common-path interferometer converts a

laser beam emitted from a laser diode into a parallel
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beam with a collimating lens and brings the parallel
beam into incidence on the reference mirror.
6. The internal defect inspection method according to

claim 1, wherein:
ultrasonic waves are emitted from a plurality of ultrasonic
wave transmitters 1nto the air and ultrasonic wave vibra-
tions from within the sample are detected with a plural-
ity of 1maging type common-path interferometers on a
surface of the sample.
7. The internal defect inspection method according to
claim 6, wherein:
the laser beam 1s converted into a rectangular beam by a
shaping element and brought to incidence on the refer-
ence mirror.
8. An internal defect inspection apparatus comprising:
an ultrasonic wave transmitter that emits an ultrasonic
wave 1nto the air and causes the ultrasonic wave to
propagate within a sample to produce an ultrasonic wave
vibration proximate a surface of the sample;
an 1maging type common-path interferometer that detects
the ultrasonic wave vibration from the surface of the
sample as an interference signal; and
an ultrasonic wave signal detecting device that detects an
ultrasonic wave signal from the interference signal
detected by the imaging type common-path interferoms-
eter.
9. The internal defect inspection apparatus according to
claim 8, wherein:
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the 1maging type common-path interferometer 1s provided
with a laser source to emit a laser beam, a reference
mirror that reflects a part of and transmuits another part of
the laser beam, and a phase shiit element that gives a
phase shiit to the laser beam.

10. The mternal defect inspection apparatus according to

claim 9, wherein:
the 1maging type common-path interferometer 1s provided
with a focusing lens that focuses the laser beam trans-
mitted by the reference mirror onto the surface of the
sample and an 1maging lens that focuses the phase-
shifted laser beam from the phase shift element.
11. The mternal defect inspection apparatus according to
claim 9, wherein:
the reference mirror 1s configured of a grated polarizing
clement.
12. The nternal defect inspection apparatus according to
claim 9, wherein:
the phase shift element 1s configured of a grated polarizing
clement.
13. The internal defect inspection apparatus according to
claim 9, wherein:
the reference mirror 1s configured of a photonic crystal.
14. The mnternal defect inspection apparatus according to
claim 9, wherein:
the phase shift element 1s configured of a photonic crystal.
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